Abstract: We theoretically and experimentally investigate the temperature responses of two liquid-filled polarization maintaining photonic crystal fibers (PM-PCFs). The guidance mechanism of liquid-filled PM-PCFs is a hybrid of the modified total internal reflection and photonic bandgap (PBG) principles. According to the wavelength shifting of photonic band edges, a sensitivity of −10.033 nm/°C from 38°C to 45°C was achieved in the glycerolfilled PM-PCF, whereas an ultrahigh sensitivity up to -76.197 nm/°C from 59°C to 63°C was obtained in the toluene-filled PM-PCF. High temperature sensitivities stem from the high transmission window located in the first PBG. The thermal tunable filled PCFs with PBG effect properties will offer great potential for temperature sensing, as well as tunable bandpass filters.
Introduction
Due to the special structures and optical properties, photonic crystal fibers (PCFs) have attracted great attention over the past few decades [1] , [2] . PCFs are divided into modified total internal reflection (MTIR) and photonic bandgap (PBG) fibers by the guidance mechanism [1] , [2] . A variety of functional materials can be filled into the air holes of PCFs, providing a promising candidate for developing communication and sensing applications, such as tunable filters [3] , optical switches [4] , and attenuators [5] . The favorite filled materials reported in literatures are liquid crystals [6] - [8] , magnetic fluid [9] , [10] , refractive index matching liquid [11] - [13] , etc. The thermo-optic coefficient of liquid is generally two orders of magnitude higher than that of silica; therefore, filling liquid into the air holes of PCF can significantly improve the temperature sensitivity [14] . For example, an average temperature sensitivity of ∼54.3 nm/°C from 34.0°C to 35.4°C was obtained by filling standard 1.46 refractive index liquid into one air hole of PCF [15] . The means of filling a high index material into the air holes can convert a MTIR PCF to a PBG fiber. Thus the wavelength of photonic band edges (PBEs) shifts greatly with changes of temperature, offering a method to achieve temperature measurement except for modal interference. Based on the bandgap-like effect, a temperature sensitivity up to −5.5 nm/°C was experimentally validated in a selectively liquid-filled PCF [16] . By arranging the air holes and high index rods in a radial [17] , [18] or linear way [19] , some research groups have fabricated hybrid PCFs, which behaves the properties of both MTIR and PBG structures. In a hybrid PCF by selective-filling, a temperature sensitivity of −45.8 nm/°C at 56.5°C was achieved based Sagnac interferometers [20] .
In this paper, we fabricated two hybrid PCFs based on the liquid-filled polarization maintaining photonic crystal fibers (PM-PCFs), whose temperature responses were investigated both theoretically and experimentally. High temperature sensitivities were achieved based on the wavelength shifting of PBEs. The mechanisms for high temperature sensitivities were also discussed. These kinds of filled PCFs could be used to develop all-fiber optical filters and sensors. Fig. 1(a) shows the optical microscope image of the PM-PCF, which was made by the standard stack-and-draw process. The fiber diameter and core diameter are 115 um and 9.2 um, respectively. Two fan-shaped areas at x-axis have an air hole pitch ( ) of 5.0 um and a 66% ratio (d/ ) of hole diameter to pitch. Two other fan-shaped areas at y-axis are formed by replacing air holes with boron-doped rods. The filled PM-PCFs were prepared as follows: firstly, stripping the fiber coating of both end, cleaning and cutting the fiber ends; then, one end of the fiber was inserted to the needle of injection syringe and fixed with a super glue; at last, adding pure glycerol or toluene into the injection syringe and fixing the syringe on a pressure equipment made by ourselves, increasing the pressure of injection syringe with a precession nut to fill the fiber with liquids efficiently. Fig. 1(b) shows the experimental setup of temperature measurement. A broadband source (BBS, 1250-1650 nm) was employed as the incident light source and the emitted light was monitored by an optical spectrum analyzer (OSA, YOKOGAWA AQ6370D). Both ends of the filled PM-PCFs were spliced to a standard single mode fiber (SMF). The filled PM-PCFs were placed in a temperature chamber with an accuracy of 0.1°C to endure different temperatures. To obtain a precise temperature control, the temperature chamber was heated to the highest temperature (100°C) that the temperature chamber can bear, and then natural cooled. Natural cooling can lead to a slowly decreasing temperature around the filled PM-PCFs. During the experiments, the filled PM-PCFs were kept straight in the temperature chamber to prevent bending and torsion. The experiment fiber lengths are 19.2 cm for glycerol-filled PM-PCF and 7.8 cm for toluene-filled PM-PCF, respectively.
Fiber Fabrication and Experiment Setup
The transmission spectrums of unfilled PM-PCF (the fiber length is 8 cm) and two filled PMPCFs at room temperature (27°C) were shown in Fig. 1(c) . Because of almost the same size of mode field area with the SMF, the PM-PCF has low splicing loss of about 3 dB. The guidance mechanism of unfilled PM-PCF is MTIR due to the lower refractive indices of both boron-doped rods and air holes than that of silica. The high transmission window was observed in the short wavelength direction for the glycerol-filled PM-PCF, whereas in the long wavelength direction for the toluene-filled PM-PCF. Owing to the higher refractive indexes of glycerol and toluene than that of silica, the guidance mechanism shift to the PBG effect along the filling direction (x-axis), which gives rise to the high transmission window of filled PM-PCFs. In the boron-doped direction (y-axis), the guidance mechanism is still the MTIR. The hybrid PCFs have lower power loss than that of the corresponding PBG fiber, whereas their wavelength filtering property is remained by the PBG effect [20] .
Theoretical Analysis and Numerical Simulation
The spectral properties of PBG fibers can be described by the anti-resonant reflecting optical waveguide (ARROW) model [21] . Therefore, the locations of transmission minima are positioned at the modal cutoff wavelengths of high-index filler, which can be expressed as
where m = 1, 2, . . . , d is the diameter of individual high-index filler, and n 1 and n 2 are the refractive indices of background material and high-index filler, respectively. For the filled liquid, n 2 is approximately assumed as a linear function of temperature (T,°C)
where n 0 is the refractive index at the temperature of T 0 , dn/dT is the thermo-optic coefficient. [22] , [23] . Neglecting the thermal-expansion of d, the thermo-optic coefficients of background material silica, and the dispersion of background material silica and high-index filler, the temperature sensitivity of can be expressed
Due to the negative thermo-optic coefficient of glycerol and toluene, corresponding to the negative values of dλ m /dT , the PBEs will be blue-shifted with temperature increasing. The wavelength of PBEs changes faster with temperature for a smaller m value, which means the low order PBG has higher temperature sensitivity than that of high order PBG. The high thermo-optic coefficient also amplifies the temperature sensitivity of PBEs (dλ m /dT ). The middle term (n 2 / n 2 2 − n 1 2 ) is a monotonous increasing function of temperature (T), which means the absolute value of dλ m /dT increases with T.
According to the calculated results of bandgap by the plane wave method, the high transmission windows are both located in the first PBG for the two liquid-filledPM-PCFs. In order to investigate the thermal tunable features of two filled PM-PCFs, the bandgap edges of first three PBGs at 27°C, 32°C
and 37°C are calculated (see Fig. 2 ). The intersections of bandgap edges and silica line (1.457) determine the transmission window locations of filled PM-PCFs. Compared with the glycerol-filled PM-PCF, the locations of PBGs shift to longer wavelengths for the toluene-filled PM-PCF and the temperature responses are more significant because of the high thermo-opticcoefficient of toluene. The bandgap properties are similar for two filled PM-PCFs: i) Both the upper and lower edges of three PBG have a blue shift with increasing temperature; ii) the upper edges of each PBG present higher sensitivities to temperature than the lower edges of each PBG, which means a higher sensitivities of the long wavelength edges than the short wavelength edges of PBG; and iii) the low order PBGs shift much faster than high order PBGs. The calculated results are in accordance with the theoretical analysis as above.
Experimental Results and Discussions
Firstly, we studied the temperature responses of glycerol-filled PM-PCF. The variation of measured transmission spectra of the glycerol-filled PM-PCF with temperature was shown in Fig. 3(a) . The high transmission window shifts to a shorter wavelength with temperature increasing. There are fluctuations in the spectra for the modal interference. At temperatures above 51°C, the PBEs shifted out of the spectrum range of BBS. The wavelengths of PBEs at different temperatures were extracted to quantitatively illustrate the wavelength shift of PBEs (Fig. 3(b) ). Without loss of generality, the wavelengths corresponding to −35 dB were selected from the data. The relationship between temperature and wavelength of PBEs was obtained by the piecewise linear fitting to intuitively obtain the temperature sensitivity. The high R 2 values mean an excellent goodness-of-fit between the wavelength of PBEs and temperature, and the slopes of fitting curves correspond to the temperature sensitivities. The temperature sensitivities are −2.474 nm/°C from 27°C to 38°C and −10.033 nm/°C from 38°C to 45°C, respectively. The later one is almost twice of that of a selectively liquid-filled PCF (−5.5 nm/°C) [16] . According to the previous analysis, the high temperature sensitivity is resulted from the high transmission window locating in the first PBG of glycerol-filled PM-PCF.
Owing to the different thermo-optic characteristics of glycerol and toluene, we subsequently tested the temperature responses of toluene-filled PM-PCF, as illustrated in Fig. 4 . Compared with the glycerol-filled PM-PCF, the thermally-induced shifts of PBG are obviously accelerated in the toluene-filled PM-PCF. Limited by the spectrum range of BBS, the transmission spectra went through three stages (see Fig. 4(a)-(c) ). From 27°C to 45°C, the short wavelength edges of PBG were detected in Fig. 4(a) . While from 46°C to 55°C, both the short and long wavelength edges of PBG were out of the spectrum range of BBS (see Fig. 4(b) ). Further increasing the temperature resulted in the only discovery of long wavelength edges from 56°C to 63°C (see Fig. 4(c) ). In addition, the long wavelength edge shifted out of the spectrum range of BBS above 63°C.
We also extracted the wavelengths corresponding to −35 dB, to quantitatively illustrate the wavelength shift of PBEs with temperatures (see Fig. 5 ). The temperature sensitivities are −16.843 nm/°C from 27°C to 45°C, −19.831 nm/°C from 56°C to 59°C, and −76.197 nm/°C from 59°C to 63°C, respectively. The temperature sensitivity of −76.197 nm/°C is higher than previously reported ones [15] , [20] . According to the calculated results of bandgap, the high transmission window is always located in the first PBG of toluene-filled PM-PCF from 27°C to 63°C. The ultrahigh temperature sensitivity from 56°C to 63°C for the extracted PBEs are the long wavelength edges of first PBG, while the extracted PBEs from 27°C to 45°C are the short wavelength edges. That the temperature sensitivities increase with rising temperature is another reason of the ultrahigh sensitivity of ∼−76.197 nm/°C from 59°C to 63°C. Therefore, the high sensitivities of the toluene-filled PM-PCF on one hand originate from the high transmission window located in the first PBG and, on the other, are induced by the high thermo-optic coefficient of toluene.
Conclusion
In conclusion, we demonstrated a kind of compact structure and ultrasensitive temperature sensor using the liquid-filled PM-PCFs based on the MTIR and PBG guidance mechanism. In the glycerolfilled PM-PCF, the temperature sensitivity is up to −10.033 nm/°C from 38°C to 45°C. The high temperature sensitivities originate from the high transmission window located in the first PBG. Using a filler with higher thermo-optic coefficient (i.e., toluene), the temperature sensitivity increased to ∼−16.843 nm/°C from 27°C to 45°C, and remarkably to ∼−76.197 nm/°C from 59°C to 63°C. Therefore, higher temperature sensitivities can be expected with an optimization PCF structure and appropriate filler in further research. Furthermore, a wider range of testing temperature can be obtained by replacing the BBS with a broader spectrum. Both the PM-PCF and the liquid-filled PM-PCFs present unique birefringence properties, which will be investigated in our future work. The proposed structure and theoretical analysis in this paper also can apply for temperature sensing and tunable bandpass filters.
